Clonal Borrelia burgdorferi N40 (cN40) passaged 75 times in vitro (N40-75) infects mice but does not cause disease. N40-75 passaged 45 times further in vitro (N40-120) was no longer infectious and lacked genes encoded on linear plasmids 38 and 28-1, among other differences. These data suggest that B. burgdorferi cN40, N40-75, and N40-120 have distinct phenotypes that can be used to dissect the genetic elements responsible for pathogenicity and infectivity.
Lyme borreliosis, which is caused by Borrelia burgdorferi, can result in infection and disease involving the skin, joints, and heart, both in humans and in experimental models (2, 3, 18, 27) . Comparisons of B. burgdorferi isolates cultured in vitro have helped to identify B. burgdorferi genes that may be associated with infectivity. Noninfectious B. burgdorferi isolates have been shown to lack, or have reduced expression of or mutations in, ospB, ospD, ospC, or vls, among other genes, and the loss of several plasmids, including linear plasmid (lp) 25, lp28.4, and circular plasmid 9 (5, 16, 19, 20, 24, 25, 28, (31) (32) (33) (34) . A direct cause and effect relationship has not yet been established for any single gene or plasmid: for example, some noninfectious B. burgdorferi B31 clones express ospD and other infectious clones do not (15, (19) (20) (21) . Recent studies have also suggested an important role for lp28-1 in B. burgdorferi infectivity (14, 22) . The genetic factors that contribute to B. burgdorferi infectivity and pathogenicity (i.e., the ability to cause arthritis and carditis) are likely to be both multifactorial and distinct.
Several B. burgdorferi isolates that were initially nonclonal have been shown to lose infectivity fairly quickly upon in vitro passage (19, 20, 25) . In contrast, a clonal isolate of B. burgdorferi N40 (cN40) that is highly pathogenic in C3H/HeN (C3H) mice, causing severe arthritis and carditis, retains infectivity after multiple passages (1). However, cN40 passaged 75 times in vitro (N40-75) and individual N40-75 clones were infectious but nonpathogenic in mice, thereby enabling us to begin to dissociate these two processes (1). N40-75 also remained nonpathogenic when passaged one time through immunocompetent mice (data not shown), but the stability of this phenotype in vivo must be explored further, because N40-75 can cause disease in severe combined immunodeficient (SCID) mice (1) . The inability of N40-75 to cause arthritis and carditis in immunocompetent mice has been associated with the lack of expression of several genes that are preferentially expressed in vivo rather than the loss of specific genetic material in DNA analyses or of antigens in protein profiles or immunoblots (1). We have now passaged N40-75 further to develop specific derivatives of the spirochete that are noninfectious in mice and that can be used to understand the differences that contribute to both the infectivity and pathogenicity of B. burgdorferi.
N40-75 passaged in vitro retained infectivity in C3H mice until passage 120 (N40-120). Spirochetes were passaged by cultivation in Barbour-Stoenner-Kelly II medium as described previously (1) . Every five passages, the spirochetes were tested for their ability to infect mice; representative passaged isolates (i.e., N40-90, N40-105, and N40-120) are shown in Table 1 . When B. burgdorferi was noted to lose infectivity (N40-120), the previous five individual passaged isolates were then also tested for infectivity, such as N40-119 (Table 1) . Mice were intradermally inoculated with 10 4 N40-120 spirochetes in the dorsal midthorax, and 2 weeks later, skin, bladder, heart, and joints were examined for B. burgdorferi by using PCR, culture, and histopathology (Table 1) (1). Infection or disease was not evident in mice challenged with N40-120. Five individual N40-120 clones were also noninfectious in mice (data not shown). N40-120 remained noninfectious even when 10 7 organisms were injected into C3H mice or when spirochetes were administered to immunodeficient C3H-scid mice.
To identify the factors that correlate with infectivity of N40-120, protein profiles of cN40 and N40-120 were compared (Fig.  1A) . Previous studies have demonstrated that consistent differences between cN40 and N40-75 were not apparent from sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or immunoblotting, in part because subclones of N40-75 had variable patterns of protein expression (1) . Several protein bands were somewhat less intense in N40-120 than in cN40 on Coomassie blue-stained SDS-12% PAGE gels (Fig.  1A) . In addition, cN40 had several bands between 26 to 35 kDa that were not as evident in N40-120 upon immunoblotting using sera from B. burgdorferi cN40-infected mice (Fig. 1B) . These studies suggested that specific genetic elements might have been lost in N40-120.
PCR of selected B. burgdorferi genes demonstrated the loss of some genes that are either antigenic or have been associated with infectivity. PCR was performed for 30 cycles with prim-ers specific for each gene, as described previously (1) . Several genes, including ospA (which is down-regulated during tick engorgement [6, 8] ), ospC (which is up-regulated during tick feeding [26] ), bbk50 (which is preferentially expressed in vivo [11] ), flaB (which is involved in skeletal structure and motility [17] ), and p21 (a member of the ospE-related protein [erp] gene family [7] ), were present in cN40, N40-75, and N40-120 (Fig. 1C) . The amplified p21 PCR product was lower in intensity in cN40 than in N40-120 but was always detectable in repeated assays. The ospD gene, which is on lp38 and encodes a 28-kDa protein, was not present in N40-120 (Fig. 1C) . bbj25 and bbj48 (13), which are two additional genes on lp38, were also not evident in N40-120, suggesting that this plasmid had been lost in N40-120 (Fig. 1C) . Previous studies have shown that infectivity does not correlate strictly with the presence of ospD (15, (19) (20) (21) . We therefore assessed whether erpT, a gene that is preferentially expressed in deep tissues and is present on the vls-containing plasmid lp28-1, was present in N40-120 (10, 12, 13) . erpT DNA was not detected in N40-120 (Fig. 1C) . The vls locus has been strongly correlated with infectivity (33, 34) , and Southern blotting revealed that N40-120 lacked the vls gene locus, which is consistent with the loss of lp28-1 (Fig. 1D) . PCR and Southern blotting demonstrated that N40-119 contained genes located on lp28-1 and lp38 (results not shown), indicating that these two plasmids were lost during the subsequent passage. These data provide initial insight into some of the genetic differences between cN40 and N40-120, but they are not meant to be comprehensive.
We have demonstrated that passaged isolates of B. burgdorferi N40-cN40, N40-75, and N40-120-can be distinguished with respect to infectivity and pathogenicity. The number of passages required to generate N40 spirochetes with alterations in infectivity suggests that previously infectious organisms can be converted into noninfectious spirochetes by the loss of genetic material but that conversion does not occur equally during all passages. These B. burgdorferi N40 descendants may provide new opportunities for targeted genetic manipulation of the spirochete that can then be studied in the murine model. Initial studies have demonstrated that cN40 and infectious clones derived from cN40 can be transformed by electroporation, although the frequency of transformation was approximately 100-fold lower than what was observed with a noninfectious clone of B. burgdorferi B31 (P. Rosa, unpublished results). Transformation of B. burgdorferi has previously only been demonstrated in noninfectious B. burgdorferi B31 (4, 9, 23, 29) . Recently, Stewart and his colleagues succeeded in transforming infectious spirochetes with a shuttle vector capable of autonomous replication in B. burgdorferi (30) . These developments should facilitate efforts to define the contributions of specific B. burgdorferi genes to infection and disease. e Joints and hearts were histopathologically examined for inflammation; data are number of mice with evidence of disease/number of mice exposed.
The factors contributing to the ability of B. burgdorferi to infect the mammalian host and to cause specific disease manifestations, such as arthritis and carditis, are likely to be multifactorial. Both the diversity of the host response to the spirochete and the virulence of the incoming B. burgdorferi isolate may influence the outcome of exposure to this pathogen. B. burgdorferi cN40, N40-75, and N40-120 have well-defined phenotypes in the experimental murine model of Lyme disease. These organisms should prove useful for distinguishing the spirochete genotypes that are important for B. burgdorferi persistence throughout its life cycle and for the ability of this organism to cause disease that affects selected organ systems.
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